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QCM-DGlycodendrimeric porphyrins seem promising photosensitizers usable in photodynamic therapy. Evidence of
their ability to interact with an artiﬁcial supported bilayer membrane exhibiting a model sugar receptor has
been previously shown. In the present work, the interaction of the glycodendrimeric porphyrins with retino-
blastoma cells bearing the actual sugar receptor has been assessed by both classical cell cultures and an orig-
inal approach using the quartz crystal microbalance (QCM-D). Our results showed that unlike cell cultures,
QCM-D allowed analyzing the mechanism of interaction of the glycodendrimeric porphyrins with the sugar
receptor. Not only was molecular recognition demonstrated, but our methodology also proved efﬁcient to
discriminate between the studied compounds, depending on the presence of carbohydrate, and the spacer
length.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Photodynamic therapy (PDT) could be an efﬁcient treatment
against retinoblastoma, a rare retina tumor that affects infants [1,2].
In PDT, a photosensitizer (for example a porphyrin derivative) is
injected to a patient, and after an appropriate delay the tumor is illu-
minated with a laser. The photosensitizer produces reactive oxygen
species (ROS) such as singlet oxygen and free radicals, which oxidize
intracellular targets and lead to irreversible damage and consecutive
cell death [3]. The selectivity of photosensitizer molecules for tumor
cells is crucial for a good photocytotoxic activity and thus for the
treatment efﬁciency. Indeed, the short half-life of ROS requires effec-
tive penetration of photosensitizer molecules into the cells [4–7].
In order to promote the selectivity and uptake of these molecules,
it has been proposed to modify them with carbohydrate moieties [8].
Evaluation of chlorins and porphyrins grafted with different sugars
has suggested the existence of mannose and galactose receptors at
the surface of retinoblastoma cells [9,10]. These studies have alsoimie des Surfaces, UMR CNRS
ent, 92296 Châtenay-Malabry
5312.
lio).
rights reserved.shown that the uptake of the glycoconjugated porphyrins was con-
trolled by both passive diffusion and protein-mediated transport,
depending on their chemical structure and the nature of the conju-
gated saccharides [8]. Recently, a series of glycodendrimeric porphy-
rins has been synthesized differing in the nature of the distributor,
spacer length and targeting moieties (saccharide) (Fig. 1) [11,12].
To evaluate these molecules, model systems such as lipid mono-
layers, liposomes and supported planar bilayers have been built.
The results showed that glycodendrimeric porphyrins were amphi-
pathic and interacted with phospholipid–cholesterol monolayers
and liposomes [13,14]. They were poorly soluble in water and
could be incorporated in the bilayer of phospholipid vesicles [11].
The mannosylated compounds speciﬁcally interacted with conca-
navalin A, a mannose-binding protein [11,15,16]. This interaction
was dependent upon the length of the spacers separating the distrib-
utor from the sugar moieties. The combination of monolayer, lipo-
somes and supported planar bilayers, with a lipid composition
similar to that of retinoblastoma cell membranes, and grafted with
a model of the mannose receptor, thus appeared efﬁcient for the
screening of various potentially active porphyrin derivatives [16].
Attempts have been made to correlate the results obtained with
these synthetic models with those achieved using cell cultures. How-
ever, the comparison of glycodendrimeric porphyrins with various
saccharide moieties (glucose, mannose, galactose), distributor nature
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Fig. 1. Chemical structure of the studied porphyrins.
2832 A. Makky et al. / Biochimica et Biophysica Acta 1818 (2012) 2831–2838(glycin, phenylalanine) and spacer length (n=1, 2 or 3 ethylene oxyde
units) did not show any signiﬁcant differences in photocytotoxicity,
when incubated with HT29 (colorectal tumor cells) and Y79
(retinoblastoma) cells [17]. One important observation was that IC50
values did not seem to depend on the nature of the sugar
(glucose, mannose or galactose). At the same time, a more hydro-
philic glycoconjugated porphyrin (5,10,15-tri{para-O-[2-(2-O-α-D-
mannosyloxy)-ethoxy]-ethoxy-phenyl}-20-phenyl porphyrin), with
α-D-mannose moieties linked by a diethylene oxide spacer to three
meso-phenyl substituents of the macrocycle emerged, with an IC50 of
0.35 μM, and the best phototoxic activity so far [10,17,18].
Many hypotheses were proposed to explain the poor results
obtained with the glycodendrimeric porphyrins, among which (i)
the aggregation of porphyrins in the aqueous medium preventing
their intracellular penetration, (ii) the absence of over-expressed
mannose-speciﬁc receptors onto the Y79 cell surface (they have
never been isolated), or (iii) the poor mimicking ability of concanav-
alin A as a model of this receptor, and (iv) the interaction of porphy-
rins with the cell culture medium, especially fetal calf serum (FCS)
limiting their uptake by cells.
In order to get a better insight into the relevance of the concanav-
alin A-grafted bilayer system as a model for retinoblastoma mem-
brane, we have thus thoroughly studied the conditions of evaluation
of porphyrin interaction with classical Y79 cell line models, and the
adhesion of porphyrin-bearing liposomes to Y79 cells immobilized
onto the sensor of a quartz crystal microbalance. In the absence of
FCS proteins, the presence of a mannose receptor at the surface of
Y79 cells [Garcia Marcel, personal communication], and the ability of
mannosylated dendrimeric porphyrins to interact with it were
assessed.2. Materials and methods
2.1. Chemicals
The glycodendrimeric porphyrin compound 1 (Mw=1692.81 g/mol)
and compound 2 (Mw=1824.97 g/mol) were prepared as described
previously by Ballut et al. [11,12]. They were tri-mannosylated with a
diethylene oxide and a triethylene oxide spacer (n=2 or 3), respectively.
A nonglycoconjugated porphyrin with a diethylene oxide spacer
(compound 1c, Mw=1206.39 g/mol) was also studied [12]. This
compound was considered as a control for compound 1 and to a lower
extent for compound 2. The three porphyrin derivatives were poorly sol-
uble in water, but soluble in a (9/1 v/v) mixture of chloroform/methanol
used for liposome preparation. The general chemical structure of the
dendrimeric porphyrins is shown in Fig. 1.Mannan from Saccharomyces cerevisiae (≥95% pure), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 99% pure, Mw=
677.93 g/mol) and poly-L-lysine hydrobromide (average Mw 4000–
15,000), HEPES (99.5% pure, Mw=238.31 g/mol), sodium chloride
(NaCl, 99% pure, Mw=58.44 g/mol), and sodium dodecyl sulfate
(SDS, Mw=288.38 g/mol) were purchased from Sigma (Saint-Louis,
USA). Chloroform andmethanol (99% pure) were analytical grade re-
agents from Merck (Germany). Dulbecco's Modiﬁed Eagle Medium
complemented with phenol red and 4.5 g/l glucose used for cells cul-
ture (DMEM Hi–glucose), as well as Dulbecco's Phosphate Buffered
Saline (DPBS) used for liposomes preparation were purchased from
Lonza (Vervier, Belgium). Ultrapure water produced by a Millipore
Synergy 185 apparatus coupled with a RiOs5™ with a resistivity of
18.2 MΩ.cm and a surface tension of 72.5 mN/m at 20±1 °C, was
used in all experiments.
2.2. Methods
2.2.1. Y79 cell cultures
Human retinoblastoma Y79 cells were isolated by Reid et al. [19]
by explant culture of a primary tumor from the eye of a two and a
half year old child. These cells were obtained from the American
Type Culture Collection (HTB-18) and grown in suspension in
DMEM Hi-glucose supplemented with 20% (v/v) of fetal calf serum
(FCS), 1% (v/v) Na-pyruvate, 1% (v/v) L-glutamine, streptomycin
(50 IU/ml) and penicillin (5 IU/ml) at temperature 37 °C in humidi-
ﬁed atmosphere with 5% CO2.
2.2.2. Liposomes for cell culture and QCM-D experiments
Porphyrin-bearing DMPC liposomes (10 mM phospholipid in a
500:1 DMPC/porphyrin molar ratio) were prepared according to
Bangham's method followed by the extrusion of vesicles suspensions
as previously described [11,16,20–22]. In brief, DMPC and a porphyrin
were solubilized in a 3 ml chloroform–methanol mixture (9/1, v/v).
The organic solvents were evaporated for 3 h in a rotatory evaporator
under reduced pressure, and the resulting dry ﬁlm was hydrated
either in aqueous buffer (10 mM DPBS or HEPES, 150 mM NaCl, pH
7). The lipid suspension was then extruded 15 times through a
200 nm polycarbonate membrane (Millipore, USA) at 50 °C, with a
mini-extruder (Avanti polar lipids). These liposomes were meant to
“solubilize” the porphyrins. They were diluted to 2 mM in DMEM just
before quartz crystal microbalance experiments. Their hydrodynamic
diameter was measured by dynamic light scattering (DLS) (Nano
ZS90,Malvern) after dilution of the liposome suspension in DPBS buffer.
All measurements were carried out at 25 °C. The mean diameter of the
vesicleswas 190±10 nm. The porphyrin content in the liposomebilay-
ers was evaluated by measuring the absorption of each liposomal sam-
ple, at the λmax of the Soret band (λ=416 nm) of the porphyrins, after
DMPC liposomes disruption by addition of a mixture of methanol/THF.
UV–visible absorption measurements were carried out on a CARY 100
Bio UV–visible spectrophotometer (Varian, USA). For liposomes disrup-
tion, 1.6 ml of methanol and 2 ml of THF were added to an aliquot of
400 μL of the liposomal suspension obtained in 10 mM HEPES buffer
(150 mM NaCl, pH 7). The porphyrin concentration was determined
by comparison with standard curves obtained in the mixture of
HEPES/methanol/THF (0.4/1.6/2 ml) using the appropriate porphyrin
at the corresponding molar concentration. The porphyrin content in
DMPC liposomes was expressed as the percentage of porphyrin in the
sample with respect to the porphyrin present at the initial stage of lipo-
some preparation. The incorporation yield, 75±2%, was almost the
same for all studied porphyrins, and was taken into account in the cell
culture studies.
2.2.3. Y79 phototoxicity and cell viability assays
Cells were seeded into 96-well plates at 6000 cells/μl (100 μl per
well) with DMEM Hi-glucose supplemented with 10% FCS, 1%
Fig. 2. Y79 cells survival-DMPC concentration relationship. The error bars represent the
standard error of the mean of at least three experiments. The dashed line indicates the
50% cell survival level.
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(5 IU/ml). They were kept for 24 h in an incubator (5% CO2 at 37 °C).
On the day of the experiment, DMPC liposomes, DMPC-porphyrin
liposomes or free porphyrins were added to the wells at different
concentrations. Concentrations of free porphyrins or porphyrins
embedded in DMPC liposomes at a 500:1 DMPC/porphyrin ratio
ranged from 0.05 up to 0.3 μM. Additions were all performed in the
dark. All wells were then ﬁlled with fresh DMEM up to 200 μl. Cells
were incubated again for 24 h in the incubator.
The following day, they were irradiated with orange light
(λ~590–640 nm) at 2 J/cm2 for 14 min in sterile conditions. The il-
lumination was carried out at the bottom of the culture plates
using a light box made of 4 Philips TL ﬂuorescent tubes covered by
a ﬂat diffusing glass plate ﬁtted with an orange ﬁlter. Then FCS
was added to wells in order to reach the 20% (v/v) ﬁnal concentra-
tion. Cell viability was measured 72 h later by determination of the
mitochondrial activity using the [3-(4,5-dimethylthiazol-2-yl)-5-
(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium] (MTS)
assay [23]. Plates were left in the incubator for 1 h and 30 min. Wells
were then gently homogenized with a plate homogenizer for a fewmi-
nutes. Absorbance at 492 nmwas recorded using a 96-well plate reader
(Σ960 Metertech Inc., Fischer Bioblock, Germany). Each experiment
was carried out four times.
2.2.4. Quartz crystalmicrobalancewith dissipation (QCM-D)measurements
QCM-D allows the measurement of the oscillation frequency shift
(Δf) of a quartz crystal and simultaneous energy dissipation change
(ΔD). Whereas changes in resonance frequency are related to the
mass of the material deposited on or removed from the sensor,
changes in energy dissipation provide information on the viscoelastic
properties of the adsorbed layer. Experiments using the quartz crystal
microbalance with dissipation monitoring were performed at 30 °C
using a Q-Sense QCM-D E4 (Gothenburg, Sweden). T-cut SiO2-coated
quartz crystals with a fundamental frequency of 5 MHz, were provid-
ed by Q-Sense AB. These crystals were stored in 10 mM sodium
dodecyl sulfate solution between measurements. Prior to their use,
they were thoroughly rinsed with ultrapure water, dried under a N2
stream and treated in an UV-ozone chamber for 20 min. This proce-
dure was repeated twice.
2.2.5. Adhesion of Y79 cells layer on a QCM-D sensor
The adhesion of Y79 cells onto modiﬁed SiO2-coated crystals was
performed in FCS-free conditions. Just before the experiments, Y79
cells suspended in DMEM with 20% FCS were centrifuged at
1000 rpm for 5 min, and then resuspended in serum-free DMEM
and adjusted to 500,000 cells/ml. This cell suspension was stored in
a water bath at 30 °C under gentle stirring to avoid cells precipitation
at the bottom of the ﬂask. Meanwhile, after stabilization of the
QCM-D signal in the DPBS buffer, a freshly prepared poly-(L-lysine)
(PLL) solution in DPBS (0.5 mg/ml, pH 7) was injected into the
QCM-D measurement cell. This allowed formation of a polycationic
layer onto the sensor, suitable for the adsorption of the negatively
charged Y79 cells [24,25]. The cell suspension was injected into the
QCM-D measurement cell in ﬂow conditions, and the system was
allowed to equilibrate for 1 h before rinsing with serum-free DMEM
and further injection of porphyrin-bearing liposomes.
3. Results and discussion
3.1. Phototoxicity of the free porphyrin derivatives
Incubation of Y79 cells with free compounds 1c and 1 in the 0.15–
7.5 μM concentration range produced no signiﬁcant cytotoxicity in
the dark. Conversely, after cell illumination the IC50 values were 2
and 2.9 μM, respectively, in agreement with previously determined
values for these two molecules and compound 2 [17]. No differencecould be made between the compounds based on the presence or
absence of saccharide moieties, and on the spacer length. One reason
could be the aggregation of these molecules in the cell culture medium,
which would limit their interaction with cells. Thus, in order to solubi-
lize the porphyrins and improve their penetration into cells, the two
dendrimeric compounds were embedded into liposome membranes.
The advantage of this method was twofold: (i) the hydrophobic por-
phyrin macrocycle would be hidden into the bilayer and liposomes
would only expose mannose or OH groups at their surface, allowing
evaluation of the contribution of molecular recognition to the penetra-
tion process, and (ii) liposome endocytosis would contribute to better
porphyrin uptake. The only drawback to this approachwas the cytotox-
icity of phospholipids.
3.2. Phototoxicity of DMPC on Y79 cell lines
All phospholipids are toxic for cells at high concentrations. Unfor-
tunately, due to the high lipid-to-porphyrin ratio in liposomes
(500:1), high lipid concentrations were necessary to approach por-
phyrin IC50 values. In order to evaluate porphyrin phototoxicity
only, it was mandatory to evaluate non-toxic concentrations of
DMPC. Y79 cell survival rate was determined following incubation
with DMPC liposomes (0–900 μM), and exposure to light. According
to Fig. 2, the IC50 of pure DMPC liposomes was close to 170 μM. The
concentration range of DMPC in liposome formulations was thus set
to 25–150 μM.
3.3. Phototoxicity of porphyrin-bearing liposomes
Four batches of liposomes were prepared containing 0.05; 0.1; 0.15
and 0.3 μM of compound 1 or 1c, and 25, 50, 75 and 150 μM of DMPC,
respectively. No cytotoxicity was noticed in dark. Similarly when cells
were illuminated, no signiﬁcant effect of porphyrin-bearing liposomes
was observed on cell survival at porphyrin concentrations below
0.15 μM. In Table 1, cell survival rates following incubation with the
free dendrimeric porphyrins and porphyrin-bearing liposomes are
compared at 0.2 μM. The results show that porphyrin-bearing lipo-
somes were more phototoxic than the free porphyrin molecules and
unloaded liposomes, but the high standard error did not allow discrim-
ination of compound 1 from compound 1c. Unfortunately, due to the
cytotoxic effect of DMPC, higher porphyrin concentrations in liposomes
could not be tested, and the study remained inconclusive.
Table 1
Phototoxicity following illumination (λ≈590–640 nm, 2 J/cm2) of 0.2 μM porphyrins,
free or incorporated into DMPC liposomes.
Free
porphyrin
Porphyrin-bearing
liposomes
Compound 1 1c No
porphyrin
1 1c
Cell survival (%) at 0.2 μM
concentration
105 107 99 60 75
Standard error (%) 3.8 8.7 – 10.1 9.4
Δ
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obtained with the free compounds 1 and 1c despite the presence of
mannose moieties in compound 1. One reason evoked was the poor
solubility of dendrimeric porphyrins, which limited their interaction
with cells. Another explanation could be their propensity to interact
with FCS proteins. Indeed in a previous work [15], we have shown
that dendrimeric porphyrins could bind to proteins such as albumin
and concanavalin A through nonspeciﬁc interactions. Evidence of their
interactions with lipoproteins has also been demonstrated [B. Chauvin,
personal communication]. Thus, it is possible that the dendrimeric
porphyrins after binding to FCS proteins could not penetrate into cells
by a molecular recognition-based mechanism. When embedded into
liposome membranes, porphyrins were protected from hydrophobic
interactions with proteins. However, even in these conditions, the dif-
ference in phototoxicity between compounds 1 and 1cwasmeaningless
(Table 1). This could result from the instability of liposomes in FCS.
3.4. Inﬂuence of various media on DMPC liposomes
Stability of DMPC liposomes was assessed in FCS-free and
FCS-containing DMEM. In the protocol used to study liposomes inter-
action with cells, the vesicles were ﬁrst rehydrated in HEPES buffer,
then diluted in DMEM medium and injected in DMEM supplemented
with FCS. NaCl concentration was maintained to 150 mM in all aque-
ous buffers to avoid osmotic stress in liposomes. Liposomes size was
determined after their transfer in each medium. The results are sum-
marized in Table 2. Whereas DMPC liposomes were not modiﬁed by
DMEM dilution, they were apparently strongly affected by the pres-
ence of FCS. It is thus reasonable to think that in our seeds, liposomes
were rapidly destroyed.
Cell culture conditions required for maintaining Y79 cells were
thus not adapted for their incubation with liposome-embedded
porphyrins.
3.5. QCM-D measurements
To analyze porphyrin-cell interactions, it appeared necessary to
avoid the use of FCS. However this would limit interaction times to
very short periods, incompatible with cell cultures and usual viability
tests.We thus envisaged another approach inwhich, porphyrin-bearing
liposomes interacted with Y79 cells immobilized onto a QCM-D sensor.
The purpose was to compare the obtained results to those previously
achieved with supported planar bilayers functionalized with concanav-
alin A as a mannose receptor [16]. This experiment would allow conﬁr-
mation that the mannosylated porphyrins were indeed able to interactTable 2
Effect of HEPES, DMEM buffers and FCS on the size of 2 mM DMPC liposomes.
PDI=polydispersity index.
DMPC liposomes HEPES DMEM (1/20
dilution)
DMEM+10% FCS (1/
20 dilution)
Average liposome
size (+/−10 nm)
269 (unimodal)
PDI=0.172
247 (unimodal)
PDI=0.272
Bimodal distribution
12 and 111 nmspeciﬁcally with the actual Y79 mannose receptor. It would not allow
us, however, to verify the actual penetration of the porphyrin-bearing
liposomes into the cells.
Y79 cells do not usually bind to substrates. In cell cultures, they
grow as clusters of cells in suspension in the cell culture medium.
Such behavior has been related to their high net negative membrane
charge [25,26] and to a deﬁcit in integrin receptors, which normally
promote cells adhesion, spreading and migration [27]. Consequently,
Y79 cells are not suitable for immobilization via integrin receptors. In
order to bind them to the QCM-D sensor, it was necessary to drive
and control their adsorption onto the SiO2 surface.3.6. Formation of a poly-L-lysine layer onto the SiO2 sensor
Prior to cells immobilization, the QCM-D sensor surface was mod-
iﬁed with poly-L-lysine (PLL) to turn its negatively charged surface
into a positively charged one. PLL is a natural homopolymer with a
pKa of 9.42. In DPBS at pH 7, PLL was fully dissociated and positively
charged, whereas the QCM SiO2 surface was negatively charged. The
adsorption of polycation PLL onto the SiO2 surface was mainly driven
by electrostatic interactions and could be measured by monitoring
the changes in frequency and dissipation of the sensor with time.
Fig. 3 shows that PLL adsorption resulted in a sharp decrease in the
resonance frequency of the quartz crystal, and a steady state was
reached after 10 min (Δf=−6±0.5 Hz for the 5th harmonic). Dur-
ing the same period of time, no change in energy dissipation was ob-
served indicating that the adsorbed PLL formed a rigid ﬁlm at the SiO2
surface. Identical evolutions of the fundamental and the higher har-
monics were observed. Further rinsing with DPBS (arrows in Fig. 3)
did not induce any signiﬁcant changes in frequency and dissipation,
accounting for the presence of a rigid PLL ﬁlm strongly adsorbed at
the SiO2 negatively charged surface.
This result is very similar to that obtained in the same conditions
by Picart et al. [28]. In their work, the formation of PLL/hyaluronic
acid multilayers on silica substrate was studied by QCM-D and AFM
measurements. The adsorption of the ﬁrst single PLL layer onto the
QCM surface induced a frequency deviation of a few Hz with no dissi-
pation changes. AFM pictures revealed that PLL was homogeneously
distributed on the surface with a low surface roughness (0.35 nm).
Visible dots were also homogeneously spread with 50 nm lateral
dimensions and 2 nm heights. The thickness of the PLL layer was
therefore less than 3 nm. Our own AFM measurements showed that
the PLL layer was homogeneous and covered the entire surface of
the sensor (data not shown).0-10
-5
R R
SIO2
-10
-5
5 10 15 20
Time (min)
25 30 35 40
Δf
Fig. 3. Δf and ΔD (n=5)-time relationships following PLL injection (0.5 mg/ml in DPBS
buffer pH 7) into the QCM-D cell. R: rinsing steps.
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The PLL layer was expected to favor attractive electrostatic inter-
actions between Y79 cells and the silica QCM-D sensor. After forma-
tion of this cationic layer, the Y79 cell suspension was injected into
the measurement cell. The QCM-D response to adhesion of Y79 cells
in serum-free DMEM onto the PLL-modiﬁed SiO2 surface is shown
in Fig. 4.
Injection of Y79 cells caused a fast decrease in quartz crystal reso-
nance frequency, due to the increased effective mass deposited onto
the QCM-D electrode. There was also a concerted increase in energy
dissipation, because cells deposition induced viscoelastic energy
losses. After a period of 50 min, both Δf and ΔD signals became stable
at a value of ~−90 Hz and ~12×10−6, respectively. The frequency
decrease associated with the energy dissipation increase as well as
the signals dependence with harmonic number (data not shown)
reﬂected the deposition of viscous material onto the surface. Cells
were left in contact with the PLL-modiﬁed SiO2 surface for 1 h. There-
after, rinsing the electrode with serum-free DMEM (arrows in Fig. 4)
did not induce any signiﬁcant changes in Δf and ΔD signals, indicating
that Y79 cells were strongly attached to the sensor surface.
The QCM-D technique has been widely used to characterize the
adhesion process of living cells onto solid surfaces [29–33]. However,
a quantitative analysis of cell adhesion is more delicate. Indeed, in the
case of cells adsorption, the Sauerbrey equation [34], which describes
in the air the proportionality of changes in the oscillation frequency
with the mass deposited on it, is invalid because of the viscosity of
both aqueous medium and adsorbed cells. Analysis of the adsorption
process using the viscoelastic model of Voinova et al. [35] is also not
possible because cells are not uniformly distributed all over the sen-
sor surface, and form an inhomogeneous layer.
The quartz crystal vibrates in aqueous conditions at the funda-
mental frequency of 5 MHz. The decay length associated with this
shear wave (~250 nm) is considerably smaller than the diameter of
a Y79 cell (~10 μm) [10]. Only a fraction of the mass of adhering
cells can be detected through changes in frequency. Therefore, the
mass measured by QCM-D is lower than the real adsorbed mass.
The increase in energy dissipation observed in Fig. 4a is mainly due
to the detection of a small region (~1 decay length) of the cell near
the electrode surface. The cells can thus be considered as a small per-
turbation to the general interfacial properties of the sensor surface.
In addition to the Δf and ΔD vs. time plots, Δf has also been plotted
against ΔD (Fig. 4b), which provided more reproducible information
about the characteristics of the adsorbing system. This alternative
data representation eliminates time as an explicit parameter, and re-
veals the evolution of the viscoelastic behavior of the vibrating sys-
tem as more cells adsorb to the sensor surface. Moreover, the lateral
sensitivity of the QCM for changes in both the resonant frequency100
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Fig. 4. Injection of Y79 cells (500,000 cells/ml in serum-freeDMEM) into theQCM-D cell contain
energy dissipation (ΔDn=5) changes. b) Dissipation vs. frequency shift plot for the ﬁfth harmoΔf and dissipation factor ΔD is proportional to the amplitude and
varies according to Gaussian functions of the same width, centered
at the middle of the active electrode [36]. Plotting Δf vs. ΔD is thus
useful to characterize the cell adhesion process, and has even been
considered by some authors as a ﬁngerprint of cells' adhesion process
[29]. As shown in Fig. 4b, two kinetic regimes of adsorption can be ob-
served. The shape of the curve is very similar to that obtained by
Frederiksson et al. [29] for the adhesion of MKE (Monkey kidney
epithelial) and CHO (Chinese hamster ovary) cells on hydrophilic
polystyrene surface. The authors have suggested ﬁve types of pro-
cesses that must be considered in cell adhesion under serum-free
conditions and which may contribute to the QCM signals: (i) the ini-
tial physical contact (cell binding), (ii) secretion of microexudates,
(iii) spreading of the cell on the surface (increased contact area),
(iv) modiﬁcation of the adhesion properties, number or type of bind-
ing proteins, strength of adhesion, and (v) changes in the cell cyto-
skeleton [29]. Finally, it should be noted that the QCM-D response
to cell adsorption is highly dependent on the cell types and surface.
Complementary techniques such as imaging of the cell distribution
are needed to get a better insight into the adsorption process. As
the analysis of the adsorption process was not the purpose of this
work, such additional experiments were not performed.
3.8. Interaction of porphyrin-bearing liposomes with Y79 cells
Following the immobilization of Y79 cells onto the PLL-SiO2 sur-
face, various liposome suspensions (DMPC, DMPC-compound 1c,
DMPC-compound 1, and DMPC-compound 2) were injected under
ﬂow conditions at a speed of 100 μl/min. Fig. 5a and b shows the evo-
lution of Δf and ΔD, respectively, as a function of time. As mentioned
before for cell adsorption, only a small fraction of the cell mass in con-
tact with the QCM surface could be detected, typically over one decay
length. Yet we could detect signiﬁcant frequency and energy dissipa-
tion changes upon interaction of compounds 1- or 2-bearing lipo-
somes with Y79 cells immobilized onto the sensor surface. Y79 cells
and PLL-modiﬁed SiO2 surface formed a vibrating bound system
allowing the detection of the perturbation of the cell surface due to
subsequent liposomes binding. Obviously, the variations in Δf and
ΔD induced by the various liposome suspensions were not the
same, indicating that the vesicles did not interact in the same manner
with the immobilized Y79 cells. Amplitudes of the signals were highly
dependent on the nature of the porphyrin embedded into the lipo-
some bilayers: whereas DMPC and DMPC-compound 1c liposomes
induced very small variations of Δf and ΔD values, DMPC-compound
1 and DMPC-compound 2 liposomes led to the highest magnitudes
of Δf and ΔD (~−29 and −39 Hz after rinsing respectively). A fast
decrease in resonance frequency was observed. Then after 30 min,
the kinetics approached a stationary state. The immediate decreaseR
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Fig. 5. Δf and ΔD (n=5) evolution following liposome injection (t=7 min) into the QCM-D cell containing (a, b) Y79 cells immobilized onto the PLL-modiﬁed SiO2 surface, or (c, d) the
immobilized concanavalin A onto the supported planar lipid bilayer. Arrows indicate the times at which the electrodes were rinsed with FCS-free DMEM (a, b) or HEPES buffer (c, d).
2836 A. Makky et al. / Biochimica et Biophysica Acta 1818 (2012) 2831–2838in resonance frequency can be explained by the increased effective
mass onto the QCM-D electrode, due to liposomes adsorption. More-
over, there was a simultaneous increase in energy dissipation as more
liposomes were adsorbed, indicating a more viscous behavior due to
cell–liposome interactions (Fig. 6). Interestingly, liposomes bearing
compound 2 showed higher adsorption kinetics and induced a larger
variation of Δf and ΔD than compound 1. Based on our previous
results using an artiﬁcial bilayer model [16], this result could be
related to the higher mobility of mannose moieties provided by the
longer spacer in compound 2, which could enhance the interaction
of mannose moieties with the sugar receptor expressed at the surface
of Y79 cells. Furthermore, washing steps with DMEM did not result in
any signiﬁcant desorption of the adsorbed liposomes indicating that
they were strongly adsorbed to the Y79 cell's layer.DMPC-1c
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Fig. 6. Frequency shift Δf versus dissipation ΔD for liposomes interaction with Y79
cells. Arrows denote the rinsing steps.The choice of the appropriate harmonic for the representation of
QCM-D results is important in order to only select the signal
corresponding to the system under study: the 5th harmonic was
selected in this work for the Y79 cell system to take into account
the size of Y79 cells bound to the vibrating surface, whereas the
11th harmonic with a 20 nm decay length had been chosen for the
artiﬁcial bilayer model [16].
Fig. 5 shows the comparison of Δf and ΔD signal amplitudes for
the ﬁfth harmonic measured in experiments in which liposomes
were added to Y79 cells adsorbed on the PLL-modiﬁed QCM surface
(Fig. 5a, b), or to supported planar bilayers functionalized with conca-
navalin A (Fig. 5c, d) [16]. Interestingly, upon their injection in the
ﬂow, liposomes acted with the supported membrane bilayer as they
did with adsorbed Y79 cells. Indeed, vesicles bearing mannosylated
porphyrins adsorbed faster and induced higher magnitudes of Δf
and ΔD than did DMPC or 1c-bearing liposomes. This was due to
their speciﬁc interaction with Con A.
However, the adsorption rates of mannosylated porphyrins were
higher with supported bilayers than with Y 79 cells. Moreover, signal
amplitudes were at least three times higher for the artiﬁcial mem-
brane model than for the Y79 cell system. Three reasons can explain
this difference. First, the surface density of concanavalin A in the
model bilayer surface was high (~35%) [16], whereas the sensor sur-
face coverage by Y79 cells did not exceed 50%, with a much lower
mannose receptor surface density. Moreover, due to the planar geo-
metry of the supported bilayers, concanavalin A molecules were all
accessible to the liposomes. Finally, only a small region (~50 nm) of
the cells near the sensor surface could be detected at the ﬁfth over-
tone. Below this threshold, interaction of liposomes with the cell
membrane could be effectively detected, but beyond that, it was
only considered as a perturbation of the interfacial properties of the
sensor surface.
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Fig. 7. Frequency and dissipation shifts (n=5) as a function of time upon interaction of
DMPC-compound 2 liposomes with immobilized Y79 cells without mannan, or
pre-treated with a 1 mg/ml mannan solution in FCS-free DMEM prior to liposomes in-
jection. Arrows indicate rinsing steps with FCS-free DMEM.
2837A. Makky et al. / Biochimica et Biophysica Acta 1818 (2012) 2831–2838To thoroughly verify the speciﬁcity of the interaction between the
mannosylated porphyrins and themannose receptors located at the sur-
face of Y79 cells, a control experiment was performed. Cells were
adsorbed onto the PLL layer, and we injected mannan in the measure-
ment cell prior to the injection of DMPC-compound 2 liposomes. Man-
nan is a mannose homopolymer, which can block the mannose-speciﬁc
receptor of Y79 cells [37]. The aim of this experiment was to observe aFig. 8. Expected mechanism of glycodendrimeric porphyrin interaction with adsorbed Y79
b) high adsorption of glycodendrimeric porphyrin-bearing liposomes to Y79 cells, c) im
porphyrin-bearing liposomes to Y79 cells.reduction of compound 2-bearing liposomes adsorption due to prior
attachment of mannan to the cell surface receptors. Fig. 7 depicts the
result of this competition between mannan and compound 2-bearing li-
posomes. In the absence ofmannan, injection of DMPC-compound 2 lipo-
somes caused a signiﬁcant decrease in crystal frequency (Δf~−37 Hz)
with a simultaneous increase in energy dissipation (ΔD~7.5×10−6).
Conversely, only a limited decrease in frequency (Δf~−8 Hz) and
increase in dissipation (ΔDb4×10−6) occurred in the presence of man-
nan, indicating that the binding sites of the mannose receptor were
almost all already saturated by themannose polymer. It may be thus con-
cluded that mannan hindered binding of compound 2 to the cell mem-
brane because they both targeted the same receptor. The frequency
and dissipation values were similar to those obtained upon injection of
DMPC-compound 1c liposomes: these residual Δf and ΔD deviations
could be due to nonspeciﬁc interactions of liposomes with the cell mem-
brane. A global mechanism of interaction is proposed in Fig. 8.4. Conclusion
Hydrophobic glycodendrimeric porphyrins have shown a strong
tendency to aggregate in solution and interact with blood proteins.
This interaction impaired the evaluation of their photocytotoxicity
using classical cell culture methods. Especially, the assessment of
the contribution of molecular recognition to the mechanism of por-
phyrin penetration into cells (passive/mediated) could not be dem-
onstrated. Alternatively, cells were immobilized onto a QCM-D
sensor and depleted from fetal calf serum, before porphyrins were
injected into the aqueous medium. The results clearly indicated that
the mannosylated porphyrins were able to interact speciﬁcally with
the mannose receptor borne by Y79 cells, as they did when concanav-
alin A was grafted onto artiﬁcial lipid bilayers [16]. Not only was
molecular recognition demonstrated, but our methodology also
allowed discriminating between the three studied dendrimericcells on PLL-modiﬁed SiO2 surface. a) Adsorbed Y79 cells on PLL-modiﬁed SiO2 surface,
mobilized Y79 cells incubated with mannan, d) low adsorption of glycodendrimeric
2838 A. Makky et al. / Biochimica et Biophysica Acta 1818 (2012) 2831–2838porphyrins, as a function of both carbohydrate presence and spacer
length, in cells as well as in artiﬁcial bilayers.
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